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(Received 22 July 1996; accepted for publication l 7 September 1996)
Schottky contacts of Al/Si 1-x-yGexCy were fabricated using conventional Si technology. Effects of
thermal processing of the alloys on the electrical properties of the Al/Si 1 _ x-y GexCy Schottky diodes
were investigated. Current-'-voltage (1-V), capacitance-voltage (C-V), and x-ray diffraction
measurements were performed. These thick alloy films (100-150 nm) experienced strain relaxation
upon annealing at 10·0 °C. Nearly ideal /- V and C- V behaviors were obtained for
strain-compensated samples. / - V and C- Vcharacteristics show evidence of dislocation-related
traps for strain-relaxed samples. Carbon incorporation improves the / - V and C - V characteristics
by lessening the extent of lattice relaxation due to thermal processing. © 1996 American Institute
of Physics. [S0003-695 l (96)03148-8]

Recently, AI/Si 1 -x-yGexC/Si heterostructure$ have attracted increased interest in Si-based technology, 1 since,
compared with the binary alloy Si 1 _ xGex , Si 1 -x- yGexCy
can provide more flexible band-gap engineering, which enables silicon to compete with compound semiconductors in
high-performance electronic and optoelectronic devices.
Substitutional incorporation of carbon reduces the lattice
strain introduced by germanium, and results in increased
critical thickness of the alloy layers and separate control
strain and composition. The major issues related to device
applications include optimizing the heteroepitaxial growth,
understanding the alloy electronic properties, and assessing
the thermal stability of the alloy layers.
Defect-free Si 1-x-y GexC/Si heterostructures have been
produced using rapid thermal chemical vapor deposition
(RTCVD), and a process window for this technique compatible with silicon technology has been developed to growth
high-quality SiGeC Jayers.2· 3 It has been shown that as lattice
strain was reduced through the addition of carbon, the band
gap increased only slightly, alleviating the concern of bandgap reversion due to carbon incorporation. 4 Even if the asgrown alloy layers are defect-free, there is still an important
issue of stability when the alloy layers are subjected to subsequent thermal processing. Since there exists the possibility
of silicon carbide precipitation, SiGeC layers are chemically
metastable in addition to the inherent mechanical metastability of SiGe layers. Previous studies of thennal stability have
focused on changes in lattice relaxation and carbide precipitation under ex situ stress (high-temperature annealing). 5- 8
Generally, as annealing temperature increases, lattice relaxation occurs. Silicon carbide precipitation, if present, would
require higher temperature (above 950 °C). 5·6•8 Studies of the
effect of thermal processing on electrical properties of the
' 1Electronic
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SiGeC/Si system have not been reported to date. In this letter, we report results of electrical measurements on Al/
SiGeC Schottky diodes that were fabricated using conventional silicon processing. Unlike previous work, our
investigation is focused on the effects of carbon incorporation on the electrical properties of the SiGeC alloy, using
these Schottky diodes as test vehicles.
The alloy layers used to fabricate Al/SiGeC Schottky
diodes were grown using RTCVD. The growth process is
described in Ref. 2. Briefly, on n-type Si (100) substrates
with phosphorus concentration of about 5 X 10 15 cm - 3 , an
undoped Si epilayer of 200 nm was grown as a buffer layer
followed by an undoped alloy layer of 100-150 run depending on the composition. Si 1- xGex layers were obtained with
compressive strain of 1.5% ( x=0.2). The carbon concentration in Si, -x-yGexCy layers varies from Oto 2 at. %. Analyses of the alloy layers show that they are free of structural
defects and precipitation of silicon carbide, and all carbon
atoms are in substitutional sites. 3 Using the hot-point-probe
method, the alloy layer was determined to be n type. The
dopant concentrations in the buffer and alloy layers are assumed to be about the same as that of the substrate because
of dopant out diffusion during deposition. Two batches of
Schottky diodes were fabricated (see Fig. 1). For the first
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FIG. l. Cross-sectional schematics of Schottky diodes used in this study : (a)
with and (b) without donor implantation to form 11 + region for Al/alloy
Ohmic contact.
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batch [Fig. l (a)], using a photoresist layer with a thickness of
about I µm as a mask, phosphorus was implanted into the
alloy layer to ensure good electrical contact. The energy and
dose of the implantation were 40 keV and 5 X !0 13 cm - 2 ,
respectively. Donor activation was achieved with a furnace
anneal in N 2 ambient at 700 °C for 60 min. The second batch
[Fig. l(b)] was produced without phosphorus implantation
but with one sample annealed using the same condition as
for the first batch. Aluminum electrodes with areas of 2.8
3
X J0 cm 2 were formed using sputtering and standard wet
patterning. While the implanted n + region substantially reduces the contact resistance at high biases (>0.3 V), it does
not have much effect on results at low biases . The two different batches allowed us to isolate the effects of thermal
annealing. Capacitance-voltage ( C- V) and current-voltage
( /- V) measurements were performed at room temperature.
X-ray diffraction (XRD) was used to measure alloy thickness
and to monitor lattice relaxation.
I - V characteristics of the first batch of samples are
shown in Fig. 2. Our focus is on the log / versus V behavior
below 0.2 V. For the control Si epilayer, a straight line and
an ideality factor n = 1.04 are observed, indicating that the
cuJTent is mainly due to thermionic emission and diffusion. 9
However, the current and ideality factor of the SiGe sample
are much higher than those of the Si epilayer. inferring that
mechani sms other than thermionic emission and diffusion
also contribute to the total current. On the other hand, both
cuJTent and ideality factor decrease with increasing carbon
concentration. For the sample with y =0.02, both parameters
as well as the entire / - V curve are quite close to those for
the Si epilayer.
C - V characteristics of the first batch of samples are
shown in Fig. 3. In Fig. 3(a), a straight line is observed for
the Si epilayer under reverse bias, indicating a uniform dopant concentration. For the SiGe sample, however, the
I /C 2 - V curve is quite different. Figure 3(b) is an enlarged
version of Fig. 3(a) so that the change in slope under reverse
TABLE I. Parameters of Si 1
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FIG. 3. (a) C- V characteristics of Al/alloy Schottky diodes formed by
donor implantation and thermal activation. (b) Enlargement of (a).

bias is more apparent. There are two slopes for each of the
SiGe and SiGeC curves, a smaller one at low biases, which
increases with increasing carbon concentration, and a larger
one at hjgh biases, which is essentially the same for all
samples.
As a first approximation, we assume that in the low-bias
range, the depletion width W and dopant concentration N 0
of the samples can be calculated from the capacitance and
the slope of the 1/C 2 versus Vcurve, respectively, 9 although
the annealed samples are expected to be defective, which
might give rise to significant leakage current in the reversebiased regime. However, we have determined the reversebiased currents for the annealed samples to be less than 6 nA
at -5 V. Table I presents the values of the parameters obtained from XRD and C- V measurements for the first batch
of samples. t all oy (XRD) is the thickness of the as-grown
alloy layer measured by XRD. W' is the reverse-biased
depletion width calculated from the capacitance at which the
l/C 2 versus V slope varies most rapidly. W 0 is the zerobiased depletion width. The values of t alloy (XRD) and W'
are in good agreement for sample A, justifying the above
assumption. For samples B and C, the values of W' are
meaningless if used to compare with those of t alloy (XRD),
since W 0 is already larger than talloy (XRD) for these
samples. A dopant concentration of 7.9X 10 15 cm - 3 for the
Si sample is reasonably close to the approximate substrate
dopant of S X 10 15 cm - 3 . It is also seen that the doping in
SiGe is much higher than that in the Si epilayer.
Figure 4 shows the l/C 2 versus V curves for the second
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FIG. 2. / - V characteristics of Al/alloy Schottky diodes made with donor
implantation and thermal activation.
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FIG. -+. C - V characteri stics of Al/alloy Schottky di odes without donor
implantation. A SiGe sample was annealed as in the first batch.

batch of Schottky diodes with one SiGe sample annealed
under the same condition as that used for the first batch. As
expected, the slopes for the unannealed samples are approximately the same. In addition, for the annealed SiGe sample,
behavior similar to its counterpart in the first batch is observed. Thus, thermal annealing leads to defect formation
that degrades the C - V characteristics.
It is known that carbon incorporation improves the struc8
tural stability of SiGe alloys deposited on Si. Without strain
compensation by carbon, strained SiGe layers may relax due
to thermal annealing. This effect is demonstrated for the
Si 0 8 Ge 0 2 sample with a thickness (ISO nm) much larger
than the equilibrium critical thickness of about 20 nm for thi s
10
germanium concentration. [004] XRD rocking curves for
this samp le before and after annealing are shown in Fig. 5.
The positive shift of the alloy peak towards the substrate
peak (norma li zed at 0°) is an indication of the decrease of the
ou t-of-p lane lattice constant due to annealing. From the shift,
o ne can esti mate that 85% of the lattice strain, defined as the
ratio of the out-of-plane latti ce constant of the alloy layer to
that of the Si substrate, relaxed after the rmal annealing.
The above resu lts show that carbon incorporation improves the / - V and C - V c haracteri stics of Al/alloy contacts. lt is known that dislocations form in thick SiGe films
11
that have been annealed, and these dislocations are associ12
Dislocation-related traps in SiGe were
ated with traps.
V characteristics of SiGe/Si heterojunc/
shown to degrade
13
in recombination curre nt. On the
increase
an
tions through
other hand, o ur C- V measurements imply that there are additional electrically active defects in the annealed alloys layen,. Donor complexes formed via strain relaxation in SiGe
14
Recombination via traps
layers were previously observed.
occur in carrie r tran scan
ing
dop
gh
hi
to
due
tunneling
and

9
port across Schottky contacts. It is likely in our degraded
samples that the dislocations due to annealing introduce
traps, which simultaneously act as recombination centers and
manifest themselves as ionized donorlike impurities in capacitance measurements .
For a given annealing condition, the trap density depends on the degree of lattice relaxation. Since strain energy
in the alloy layer decreases with increasing carbon concentration, nearly ideal / - V and C- V characteristics can be
obtained for strain-compensated Al/SiGeC Schottky diodes.
Chemical relaxation due to silicon carbide precipitation is
not likely for our samples since the anneal temperature used
here is lower than that for the onset of carbide
precipitation. 5 - 8
In conclusion, the effects of thermal processing of the
strained Si 1 r- yGexC_1./S i system on the electrical characteristics of Al/Si 1-.,-yGexCy Schottky diodes have been in vesti gated. / - V and C- Vcharacteristics were obtained for
Si 1 - xGex with germanium content of 20 at.% and for
Si 1 - x- vGexC_1, with carbon content up to 2 at.%.
Dislocation-rel ated traps were evident in the alloy layers for
samples having been subjected to thermal processing. Our
results provide evidence that the electrical properties of the
ternary alloy SiGeC, unlike SiGe, can be eng ineered to resemble those of the corresponding Si underlaye r.
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Facility User Grant within the National Nanofabrication Users Network.

1

S. C. Jain. H.J. Osten. 8. Dietrich. and H. Rucher. Semicond. Sci. Technol. 10. 1289 (1995).
2
J. Mi. P. Warren, P. Letourneau, M. Judclewicz. M. Gai lhanou. M. Dutoit,
C. Dubois. and J. C. Dupuy. Appl. Phys. Lett. 67. 259 ( I 995).
1
J. Mi. P. Warren. M. Gailhanou. J.-D. Ganicre , M. Dutoit. P. H. Jouneau.
and R. Houriet, J. Vac. Sci. Technol. B 14. 1660 (1996).
4
A. St. Amour. C. W. Liu. J.C. Sturm. Y. Lacroix. and M. L. W. Thcwalt,
App l. Phys. Lett. 67. 3195 ( 1995).
5
M. S. Goon,ky. S. S. Iyer. K. Eberl. F. K. LeGoues. J. Angilello. and F.
Cardone, Appl. Phys. Lett. 60. 2578 ( 1992).
6
J. W. Strane, S. T. Picraux. H. J. Stein. S. R. Lee, J. Candelaria, D.
Theodore, and J. W. Mayer. Mater. Re,. Soc. Symp. Proc. 321, -+67
( 199-+)
7

106
10

:,
~

?:
;;;

Si 1.,Ge, (x=0 2)

[004]

5

4

10
10

3

C:

~
_f;

102
10

-1

-0.8

-0.6

-0 2
-0 4
\ O (degree)

0

02

FIG. 5. [00-+] XRD rocking cu rve, of a Si 08 Ge01 samp le before and after
thermal annea ling.

Appl. Phys. Lett., Vol. 69, No. 24, 9 December 1996

G. G. Fischer. P. Zaumseil. E. Bugiel. and H.J. Osten. J. Appl. Phys. 77.

1934 (1995).
Hp_ Warren, J. Mi, F. Overney. and M. Dutoit, J. Cryst. Growth 157. 414
( 1995).
9
S. M. Sze, Physics of Se111ico11d11cwr De,·ice.1 (Wiley. New York. 1981).
Chap. 5.
111
J. W. Matthews and A. E. Blakeslee. J. Cry,t. Growth 32. 256 ( 1976).
11
F. M. Ross, R. Hull , D. Bahnck. J. C. Bean, L. J. Pcticolas, and C. A.
King, Appl. Phys. Lett. 62. 1426 ( 1993).
11
P. N. Grillot, S. A. Ringel. E. A. Fi11gcrald. G. P. Watson. and Y. H. Xie,
J. Appl. Ph ys. 77, 3248 ( 1995).
13 C. A. King, J. L. Hoyt. D. 8. Noble. C. M. Gronet, J. F. Gibbons. M. P.
Scott, T. I. Kamin,. and S. S. Laderman. IEEE Electron Device Lett.
EDL-10. 159 ( 1989).
14
A. Gupta. M. M. Rahman. J. Qiao. C. Y. Yang. S. Im. N. W. Cheung. and
P. K. L. Yu. J. Appl. Phys. 75. 4252 (199-+).

Mi et al.

3745

